In many species, neurons are unevenly distributed across the retina, leading to nonuniform analysis of specific visual features at certain locations in visual space. In recent years, the mouse has emerged as a premiere model for probing visual system function, development, and disease.
| INTRODUCTION
Visual processing begins in the retina. Specialized regions of the subcortical and cortical brain then analyze retinal information and integrate it with processing of other modalities such as audition, emotional state, and motor circuitry to generate percepts and behaviors. The amount and quality of visual information that reaches the brain is bottlenecked by the number, function, and distribution of retinal neurons, in particular, the retinal ganglion cells (RGCs)-the output neurons of the eye. RGCs include 30 subtypes, each having distinct morphological and functional characteristic and responding best to a particular feature in the visual world (Baden et al., 2016; Dhande, Stafford, Lim, & Huberman, 2015) . In other words, each RGC subtype can be thought of as a unique channel of visual information for the brain. Understanding how as a total population and as distinct subtypes, RGCs are topographically organized (i.e., in respect to their exact position within the retina), thus it is essential to understanding how different aspects of the visual world are conveyed to and analyzed in the brain.
A salient example of how variation in RGC density impacts the structure and functional output of central visual processing is the fovea. The foveal region of the primate retina contains RGCs at much greater density and decreased dendritic size compared to the retinal periphery, which allows this region to sample visual space at a much finer scale (Dacey, 1993; Dacey & Petersen, 1992; Gomes, Silveira, Saito, & Yamada, 2005; Yamada, Silveira, Gomes, & Lee, 1996) .
In recent years, the mouse has emerged as a premiere model for studying various aspects of visual system development, function, and disease at the retinal, subcortical, cortical, and behavioral level (reviewed in: Seabrook, Burbridge, Crair, & Huberman, 2017).
Previous studies described relatively flat distributions in RGC density across the retina when compared to other animals, as well as little or no correlation in soma or dendritic size with eccentricity (Coombs, van der List, Wang, & Chalupa, 2006; Dräger & Olsen, 1981; Jeon, Strettoi, & Masland, 1998; Sun, Li, & He, 2002) . Given that, previous studies focused on RGC topography in the mouse lumped all RGCs together as a single group, there remains the very possibility that the mouse retina may in fact harbor regions in which specific RGC types vary their density across the retinotopic surface; therefore, sample the environment differently for specific visual features according to retinal location. Indeed, a recent study from Wong and coworkers found that two types of alpha RGCs, sustained On-alpha RGCs (sOnα) and sustained Off-alpha RGCs (sOff-α), exhibit regional variations in their density and dendritic arbor sizes along the nasal-temporal (N-T) axis (Bleckert, Schwartz, Turner, Rieke, & Wong, 2014) . This presumably is to allow enhanced sampling of motion in the binocular visual field. An important set of unresolved questions now face the field:
1. Are alpha RGCs the exception or do other RGC subtypes vary their density by topographic position in the mouse?
2. If so, along what retinal axes do those variations occur?
How do such topographical variations impact central processing?
Here, we asked whether RGCs vary their features so as to create specialized sub-topographical maps in the mouse retina. We explored this in mice using tools where somal and dendritic parameters can be studied. By examining these features in four transgenically labeled RGC subtypes, we obtained detailed analysis of how the characteristics of individual RGC subtypes vary as a function of precise retinal location (Osterhout et al., 2011; Rivlin-Etzion et al., 2011; Zhang, Kim, Sanes, & Meister, 2012) . Our results are surprising: several RGCs that perform specific processing roles and that project into the retino-geniculocortical pathway as well as other perceptually and behaviorally relevant targets, show marked variation according to topographic location.
Remarkably, each of these RGC subtypes also had a different topographical pattern: dendritic size variations occurred along several retinal axes, distinct from the one previously described for alpha RGCs by Bleckert et al. (2014) . These findings confirm and add to the growing evidence that mouse visual system is not as simple as previously thought, they highlight as well the functional relevance of specific RGC subtypes for central visual processing and behavioral output.
| MATERIALS AND METHODS

| Mice
Adult mice ranging in age between postnatal days (P) 30-60, of either sex were used. Three different transgenic mouse lines were used to target specific fluorescently labeled RGC subtypes (Figures 1a and 2 Zhang et al., 2012) . All experimental procedures were approved by the Institutional Animal Care and Use Committee at Stanford University School of Medicine.
| Cell fills
Labeling of individual RGCs was performed using a previously described protocol (Beier et al., 2013; Cruz-Martín et al., 2014; Dhande et al., 2013; El-Danaf & Huberman, 2015) . Mice were anesthetized with inhalant isoflurane and the eyes were enucleated. The dorsal pole of the left and right eyes were marked before removing them from the animal, using waterproof color markers thus ensuring that knowledge about retinal location was preserved (Wei, Elstrott, & Feller, 2010) . Retinas were cut in half along the dorsal-ventral (D-V) or N-T axes using vascular landmarks (Wei et al., 2010) , and kept in oxygenated (95% O 2 /5% CO 2 ) NaHCO 3 (23 mM) containing Ame's medium (Sigma-Aldrich, catalog #A1420). The fluorescent RGC somas were localized using differential interference contrast (DIC) and epifuorescence microscopy. RGCs were targeted with borosilicate glass electrodes (Sutter Instruments; 15-20 MΩ) containing Alexa Fluor 555 hydrizide dye (10 mM in 200 mM KCl; Invitrogen, catalog #A20501MP) and were completely filled by applying hyperpolarizing current pulses ranging between 0.1 nA and 0.9 nA for ≤1 min.
| Retinal histology
Immunohistochemical staining for amacrine-cell stratification landmarks was performed as described previously (Dhande et al., 2013; El-Danaf & Huberman, 2015) . Immediately after cell filling, retinas were fixed at room temperature with 4% paraformaldehyde (PFA) for 1 hr. They were then washed in 1X PBS (3×, 20 min each) and incubated in blocking solution (10% donkey serum with 0.25% Triton-X) for 1 hr at room temperature. The retinas were then incubated for 4-6 days at 4 C in blocking solution containing primary antibodies: rabbit anti-GFP (1:1000; Invitrogen, catalog #A6455; Research Resource Identifier (RRID): AB_221570], guinea pig anti-VAChT (1:500; Millipore, catalog #AB1588; RRID: AB_2187981), and goat anti-ChAT (1:100; Millipore, catalog#AB144P; RRID: AB_2079751).
Retinas were rinsed with PBS (4×, 30 min each) and incubated overnight at 4 C in the following secondary antibodies: Alexa Fluor 488 donkey anti-rabbit (1:1000; Invitrogen, catalog #A21206; RRID: AB_141708), Alexa Fluor 647 donkey anti-guinea pig (1:500; Jackson Immuno Research, catalog #706-606-148), and Alexa Fluor 647 donkey anti-goat (1:500; Life Technologies, catalog #A21447; RRID: AB_10584487). Retinas were then rinsed in PBS at room temperature (2-3 hr, 30-min cycles) and coverslipped with VECTASHIELD containing DAPI to label cell nuclei (Vector Laboratories, catalog# H-1200, RRID: AB_2336790). Spacers made of tape were placed between the slides to avoid retinal tissue compression.
| Imaging
Protocols were previously described (El-Danaf & Huberman, 2015) .
Briefly, coverslipped retinas/RGCs were imaged using a laser scanning confocal microscope (Zeiss LSM 710) and 40× water immersion objective lens (LDC-Apochromat 40×/1.1). Z-stacks were collected at a scanning resolution of 1024 × 1024 pixels with a 0.5 μm Z-step increment size, and a Kalman averaging of 2-4. To obtain the location of individual RGCs, images of the retinal halves were acquired at 5× using an epifluorescence microscope (Zeiss Axio Imager 2) equipped with an Axiocam HR camera and were later stitched together into whole-retina, orientation preserved images, using Adobe Photoshop software.
| Analysis
A total of 296 intracellularly labeled RGCs were analyzed using Fiji software to track their location and to obtain morphological measurements of their somal and dendritic properties. The height and width of each retina were normalized between different mice to control for possible variations Statistical analyses were reported by fitting the data points to a linear regression, and significance of r 2 ≥ .5 was chosen.
| RESULTS
For this study, we used three transgenic mouse lines that collectively label four distinct RGC subtypes with fluorescent proteins (Green: GFP; or yellow: YFP). The mouse lines, we employed, and the RGC subtypes, they label, were as follows: TRHR-GFP mice/posterior tuned On-Off direction selective RGCs (pOn-Off DSGCs) (Osterhout et al., 2014; Rivlin-Etzion et al., 2011) . Cdh3-GFP mice/nonimage forming "On" (NIF-On) and nonimage forming "diving" (NIF-Diving) RGCs labeled (Osterhout et al., 2011 (Osterhout et al., , 2014 ; TYW3 mice/W3-RGCs (Kim et al., 2010; Zhang et al., 2012 note that it might not reflect the actual distribution of these RGCs.
Due to transgene effects, the full population of these different RGC subtypes might not be represented. Here, we used the GFP/YFP expression as a tool to target and label these distinct subtypes of RGCs. Our goal was to identify possible topographical variations in dendritic and soma size for each subtype in terms of eccentricity and location along the different retinal axes. The rationale for this is that each portion of the retina views a different portion of visual space and communicates that to distinct subcortical targets and portions of targets (Figure 1b,c) . As noted above, the retinotopic organization of all RGCs collectively in the mouse, is known (Jeon et al., 1998) , but there is reason to think that some RGC subtypes might vary their density and dendritic extent and thus spatial aspects of their receptive field properties, within that overall distribution (Bleckert et al., 2014) .
We therefore targeted individual GFP+ or YFP+ somas in each of the three mouse lines described above and filled them with Alexa 555 (red) to reveal their dendritic morphology and stained the retinas for the enzyme Choline Acetyltransferase (ChAT) the rate limiting enzyme for Acetyl Choline production ( Figure 2) . Within the retina, ChAT is enriched in On and in Off starbust amacrine cells, whose processes act as fiduciary markers for the Off and On sublaminae of the inner plexiform retinal layer (IPL). Figure 2 shows the different expression patterns of GFP (Figures 2a,d,g) and YFP (Figure 2j ) in the transgenic retinas, individual GFP/YFP RGCs after filling when viewed en face (Figure 2b,e,h,k) , as well as from the side view (Figure 2c,f,i,l) , which reveals their stratification relative to the On and Off ChAT processes.
| pOn-Off DSGCs display dendritic field differences along the D-V axis
We first examined the pOn-Off DSGCs (n = 105 RGCs) labeled in TRHR-GFP transgenic mice (N = 16 mice). These cells are characterized with looping arbors that co-stratify with the two ChAT bands in the IPL (Figures 2a-c It is important to note that the organization of TRHR-GFP RGC dendrites is different than that of the overall uniform cell density reported in the dopamine receptor-4 (DRD4-GFP) transgenic mouse line (Bleckert et al., 2014; Huberman et al., 2009) . This is likely because these two transgenic mouse lines label distinct populations of the posterior tuned direction selective RGCs (Huberman et al., 2009; Rivlin-Etzion et al., 2011) .
| NIF-On RGCs display changes in dendritic field size along the N-T axis
In the Cdh3-GFP transgenic mice, RGCs expressing GFP comprise two subtypes that project to nonimage forming visual targets in the brain (Osterhout et al., 2011) . These two subtypes differ in their en face morphology as well as their stratification patterns in the IPL (Figure 2d -i; Osterhout et al., 2011) . The "On" subtype have monostratified dendritic arbors that terminate right below the On-ChAT band (Figure 2d-f ; Osterhout et al., 2011) ; whereas the "diving" subtype are bistratified with arbors that "dive" above and below the two ChAT bands (Figure 2g -i; Osterhout et al., 2011) . We labeled a total of 100 RGCs in the Cdh3-mice (Figure 4 ; N = 10 mice; n = 44 NIF-On RGCs; n = 56 NIF-diving RGCs) and traced their location (Figure 4a ). It is important to note that GFP expression in this particular mouse line is absent in the upper part of the dorsal retina, which is also reflected in our data (Figure 4a ; Osterhout et al., 2011) . It is yet to be determined whether this expression pattern is simply a result of the transgene or whether it is due to the lack of these RGC subtypes in this region.
We examined soma diameter of both subtypes and found no sig- 3.3 | W3-RGCs display changes in dendritic field as a function of eccentricity Finally, we analyzed W3-RGCs (n = 91 RGCs), the brightly YFPexpressing ganglion cells in the TYW3 transgenic mouse line (N = 13 mice; Kim et al., 2010; Zhang et al., 2012) . These neurons comprise the most abundant as well as one of the smallest RGC subtypes in the murine retina (Figure 2j -l; Zhang et al., 2012) . They have one thick dendritic arbor that stratifies between the two ChAT bands, as well as some dendritic sprouts that terminate at the boundary of the inner nuclear layer (INL; Figure 2l ; Zhang et al., 2012) . By examining the soma diameter of the dye filled W3-RGCs across different locations (Figure 5a ), we found no significant correlations as function of eccentricity from ONH (Figure 5f 
| DISCUSSION
Our results provide further support for the idea that visual space is sampled nonuniformly by the mouse retina. We discovered that three out of the four RGC subtypes that we examined exhibited topographical arrangements in the retina and each of those was distinct from the other: pOn-Off RGCs (TRHR-GFP) displayed smaller dendritic fields in the ventral retina, while smaller NIF-On RGCs (Cdh3-GFP) were present in the nasal retina and W3-RGCs (TYW3) showed eccentricity related changes in their dendritic field size (Figure 6a-d) .
Both of this current study and that of Bleckert et al. (2014) included On-stratifying RGCs (sOn-α RGC and NIF-On RGC) which showed retinotopic differences along the N-T axis. However, the observed changes were along opposite axes; the sOn-α RGCs were larger in the nasal retina, whereas the NIF-On RGCs were larger in the temporal side. Furthermore, both studies showed that certain RGC subtypes do not display any significant changes in their size or density across the retina, and these include the NIF-diving RGCs and the transient Off-alpha RGCs, respectively (Bleckert et al., 2014) . These results indicate that topographical arrangement could be a consequence of the functional and structural variations inherent to these different RGC subtypes.
Previous studies in mouse failed to reveal prominent locationdependent changes in RGC dendritic arbor size, likely because they treated all RGCs as a single group, or classified them into broad categories by virtue of their soma sizes (Dräger & Olsen, 1981; Jeon et al., 1998; Sun et al., 2002) . Those findings, paired with the understanding that the overall acuity of the mouse visual system is relatively low compared to other model species such as cats and primates suggested that the entire mouse retina is more or less like the peripheral retina of the primate-low resolution-and thus mice may not rely on their visual system much at all under natural conditions (reviewed in: Huberman & Niell, 2011) . However, emerging studies reveal that the mouse visual system is not as simple as previously thought. Furthermore, recent work shows that at the behavioral level, mice respond robustly to stimuli presented in specific portions of the visual field (Wei et al., 2015; Yilmaz & Meister, 2013) , and that many higher cortical areas are "tuned" to detect specific visual features in designated visual field locations (Marshel, Garrett, Nauhaus, & Callaway, 2011). 
| Functional relevance of RGCs' topographical arrangement
The presence of sub-topographical regions in the retina might be essential for dictating various behavioral aspects of survival for this species, such as foraging for food, detection of predators or prey, and so forth. (Figure 6e ). Each of the RGCs studied here is essential for detecting a specific feature in the visual space including object motion and direction. We found that pOn-Off DSGCs have reduced dendritic arbor size in the ventral retina. This region is essential for sampling elements that are located in the upper visual field. Consequently, the organization of these neurons might provide mice with a greater resolution for detecting overhead objects moving in the posterior direction, such as a hawk looming in from the front and above the mouse (Figure 6e ). This particular visual stimulus has been shown to elicit specific, robust behaviors in mice such as freezing and fleeing (Yilmaz & Meister, 2013) . Similarly, the presence of smaller NIF-On RGCs (Cdh3-GFP) in the nasal retina is perhaps crucial for enhanced discrimination of signals located in the peripheral visual space, for example, a cat stalking the mouse from the side (Figure 6e ). The W3-RGCs eccentricity gradient is arranged to enhance fine-scale analysis of stimuli in the central visual field, such a snake attacking from the front or recognition of a conspecific (Figure 6e ). These specialized retinal arrangements might have been an adaptation to accommodate this species to its environmental niche, comparable to the importance of the fovea for resolving images in humans and primates. Indeed, the vastly expanded portion of the primate cortex that underlies foveal processing, and the reliance on foveal vision for analysis of fine spatial detail underscores the significance of the RGC-to-central processing relationship (Müller et al., 2016; Tootell, Switkes, Silverman, & Hamilton, 1988) . A similar degree of central versus peripheral scaling is observed for the "area centralis" of the carnivore retina (Mowat et al., 2008; Peichl, 1992) and the "visual streak" in the rabbit-an elongated portion of the retina containing a relatively greater number of RGCs for enhanced acuity to view the horizon and detect the presence and approach of potential predators (Davis, 1929; Oyster, Takahashi, & Hurst, 1981) . Indeed, there is a fairly large body of classic work that describes the many unique and adaptively optimized RGC topographic variations that exist in the animal kingdom, where the RGC topography is directly related to the visual requirements, ecological habitats, predatory and foraging behaviors of different species. For example, there is the mixed fovea/streak arrangement present in certain diving birds-with the streak for higher acuity viewing of the horizon and the fovea for spotting fish swimming below the ocean's surface (Hayes, Martin, & Brooke, 1991) or the "J" shaped fovea found in elephants to view locations specifically within the arced trajectory of the animal's trunk during reaching (Pettigrew, Bhagwandin, Haagensen, & Manger, 2010; Stone & Halasz, 1989) . Other examples of specialized retinal organizations have also been previously reported in: birds (Coimbra et al., 2009; Inzunza, Bravo, Smith, & Angel, 1991) , sharks (Lisney & Collin, 2008) , penguins (Coimbra, Nolan, Collin, & Hart, 2012) , lizards (Fite & Lister, 1981) , and giraffes (Coimbra, Hart, Collin, & Manger, 2013) , among others. The above examples illustrate the adaptive and primary utility of the visual system for each of those species.
| Consequences for degeneration and disease
RGC loss has been implicated in various neurodegenerative disorders (Jindal, 2015) . In many cases, RGC death is shown to occur nonuniformly across the retina. For example, in human glaucoma patients, certain patterns of visual field defects are monitored and studied to detect the emergence and progression of this widespread blinding disease (Kitazawa & Yamamoto, 1997; Stewart & Shields, 1991) . Moreover, in the DBA/2J glaucoma mouse model, degeneration ensues in a fan-shaped sectorial pattern (Jakobs, Libby, Ben, John, & Masland, 2005) . This uneven degradation is present in other retinal diseases as well, such as Retinitis pigmentosa, where RGCs' changes in the central region are more prominent that those found in the peripheral retina (Anderson, Greferath, & Fletcher, 2016) . These topographical patterns of degeneration may be the result of subtype-specific vulnerability of RGCs to different insults or diseases. Indeed, this was shown in several glaucoma models, where Off-stratifying RGCs were found to be especially susceptible to death following ocular hypertension (Della Santina, Inman, Lupien, Horner, & Wong, 2014; El-Danaf & Huberman, 2015; Ou, Jo, Ullian, Wong, & Della Santina, 2016) . Our findings of the presence of sub-topographical maps in the mouse retina might shed some light into understanding some of these topographically related changes in various retinal diseases, in the hopes of discovering therapies that target those specific RGC subtypes.
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